Abstract: We present a comprehensive analysis of observing a Higgs (h), lighter than the discovered Higgs in the context of Type-I 2HDM. The decays to γγ and bb serve as the promising channels to probe light Higgs in the mass range of 70-110 GeV at 13/14 TeV LHC. The γγ channel is analyzed in ggF and W h production mode and for bb, associated production of h with W and top pairs is considered. Jet substructure techniques are used to suppress the QCD background in the bb channel. The channels pp → W h → νbb and pp → h → γγ probe similar parameter space for large tan β and could be observed with ∼ 1000 fb −1 of Luminosity. With the similar amount of data, pp → tth → ttbb could be useful in the low tan β region. However, around the fermiophobic limit, such a light Higgs can be looked for even with a few hundreds fb −1 of Luminosity in pp → W h → νγγ.
Introduction
The recently discovered scalar particle at the Large Hadron Collider (LHC) [1, 2] closely resembles the Higgs boson conjectured in the Standard Model (SM) as its measured couplings with gauge bosons and fermions are in reasonable agreement with the SM predictions [3] . However, there still exists a possibility that the discovered particle may belong to an enlarged scalar sector of a Beyond Standard model scenario (BSM). Usually the additional scalars are considered to be heavy and in some cases decoupled from the low energy effective theory. There exist another scenario where some of the scalars are lighter than the observed Higgs and perhaps are buried beneath the huge SM backgrounds. We explore such a scenario at the LHC in the context of the two Higgs doublet model (2HDM).
The two Higgs doublet model is one of the simplest extension of the SM with an additional SU (2) L doublet. The generic structure of 2HDM induces large flavor changing neutral currents (FCNC) at tree level and faces severe constraints from the experimental data. These FCNC's can be suppressed by imposing a discrete Z 2 symmetry, which further classifies 2HDM into four categories, viz. Type-I, Type-II, flipped and lepton specific [4] . In the process of spontaneously breaking of SU (2) L × U (1) Y symmetry, three out of eight fields generate masses for W , Z bosons and remaining five physical scalars are: light CPeven Higgs (h), Heavy CP-even Higgs (H), a pseudoscalar (A) and charged Higgs bosons (H ± ).
In most of the analysis [5] [6] [7] [8] [9] [10] , the lighter CP even Higgs boson (h) is identified with the discovered scalar and other scalars (H, H ± and A) are assumed to be heavy. However, there may exist a scenario where the observed Higgs corresponds to the heavier CP-even scalar i.e. H with m H = 125 GeV. In this case, h is lighter than the observed Higgs. The phenomenology of such light Higgs for all types of 2HDM have been thoroughly studied in the context of vacuum stability, perturbativity, unitarity, electroweak precision measurements, flavor observables and Higgs searches at the colliders [11] [12] [13] [14] [15] [16] [17] [18] . Such a scenario is least excluded for the Type-I 2HDM [17, 18] whereas the parameter space of the other 2HDMs (particularly, Type-II) are strongly constrained.
In this manuscript, we search for the light Higgs in the mass range of 70-110 GeV at the LHC. The mass range is chosen to restrict the decay of the observed 125 GeV Higgs to a pair of light Higgs. As a result, the bounds coming from the total decay width measurements of this scalar [19] are irrelevant for our analysis. The light Higgs can be produced via gluon-gluon fusion (ggF), vector boson fusion (VBF) and in association with a W/Z boson or, a pair of top quarks at the LHC. In most of the parameter space, the light Higgs decays dominantly to bb. However, in certain region, tree level couplings of the light Higgs with fermions vanish and the bosonic decay modes, diphoton in particular, becomes dominant. In this limit, the light Higgs behaves as a fermiophobic scalar (refer to [20] and references therein). We shall see that the interplay of various production channels as well as decay modes provides a complimentary way to explore the entire parameter space. In the diphoton channel, we concentrate on the production of the scalar through gluon fusion and in association with gauge bosons whereas for bb we focus on its production with associated gauge boson/top pair. Owing to a clean environment, the diphoton channel is one of the favorite channels to search for such low mass scalar at the LHC. On the contrary, the bb channel is plagued by huge SM multijet backgrounds at the LHC. In this channel, we consider the light Higgs in the boosted region , where jet substructure techniques can be employed, enabling us to discriminate signal from SM backgrounds [21, 22] .
The paper is organized in the following manner. We give a brief introduction of 2HDM in sec. 2. Next, we discuss various plausible channels that can be used to search for the light Higgs at the LHC in sec. 3. We review various constraints arising from low energy experiments and latest results of the LHC Higgs searches in sec. 4. The dedicated collider analysis of the Light Higgs in the allowed parameter space at the LHC is explored in sec. 5. We summarize our results in sec. 6.
where, R is the rotation matrix diagonalizing the CP-neutral Higgs mass matrix and is given by sin α − cos α − cos α − sin α (2.6)
The doublets (Φ 1 and Φ 2 ) in terms of the physical fields and the Goldstone bosons are
where β diagonalizes the mass matrices for charged Higgs and the CP-odd Higgs (tan β = v 2 /v 1 ). The parameters of the scalar potential (m 11 , m 22 , λ i ) given in eq. (2.2) can be expressed in terms of seven physical parameters viz. rotation angles (α, β), Z 2 symmetry breaking parameter (m 12 ) and masses of the scalars. The parameters are chosen in accordance with the unitarity, vacuum stability and perturbative bounds [4] . The theoretical consistency of the parameter space is validated using 2HDMC [23] . Lower values of m 12 are suitable to get m H = 125 GeV [18] . We therefore fix m 2 12 = 1000 GeV 2 .
In Type-I models, fermions couple only to one of the doublets i.e. Φ 2 , L Yuk in the unitary gauge is given as [4] 
where V ud is the CKM matrix element, m f is the mass of a fermion, f and
Substituting eqn. (2.7) in eqn. (2.1), we can obtain the tree-level couplings of h, H, A and H + with massive gauge bosons. We list a few essential couplings here [24] .
where
The effective Lagrangian for the loop induced couplings of the scalars with massless gauge bosons is
For clarity we will use the notation,
where, F 1/2 (τ f ) and F 1 (τ f ) are the top and W loop contribution respectively and are given as
We identify H as the observed Higgs boson with m H = 125 GeV. It's couplings with fermions and gauge bosons are different from that of the SM by the factors ξ f H and ξ V H . In the limit α → β, ξ f H → 1 and ξ V H → 1, the couplings of H exactly matches with the SM Higgs. This limit in the literature is termed as the alignment limit [4] . In the strict alignment limit, the tree level couplings of light Higgs, h with the gauge bosons vanishes and couplings with fermions are proportional to cot β. In this limit the light higgs behaves as fermiophillic. It can be seen from eqn. (2.9) that in the limit α → π/2, the couplings of the light Higgs with fermions (ξ f h ) vanish and it behaves as a fermiophobic scalar.
3 Promising channels to explore at the LHC In this section, we discuss the possible modes of production and decay of the light Higgs (h). The direct production of the light Higgs boson at the LHC proceeds through the gluon fusion (ggF), vector boson fusion (VBF), associated production of the Higgs with gauge bosons (Vh) and in association with top pairs (tth). In the left panel of fig. 1 , we plot the ratio of production cross section of the light Higgs with that of the SM-like Higgs (h SM ) as a function of α. Here by SM-like Higgs, we mean that its couplings are same as that of the SM-Higgs but with m h SM = m h . The gluon fusion as well as associated top pair production rate of the light Higgs in Type-I model scale as (ξ f h ) 2 with respect to the SM-like Higgs. Similarly, light Higgs produced in association with gauge bosons or through vector boson fusion, scales as (ξ V h ) 2 . The scaling has been illustrated in the left panel of the fig. 1 . In the right panel, the branching fractions of the light Higgs as a function of α are shown. In most of the parameter space, the light Higgs decays dominantly to a pair of bottom quarks. Analyzing this channel in the ggF or VBF mode is difficult due to the presence of large QCD background. Demanding additional leptons in the final state from the associated production of the light Higgs with a W/Z or top pair helps to bypass the backgrounds. The branching ratio of the light Higgs to τ pair is also significant. However the reconstruction of τ 's involve subtle issues due to presence of missing energy, which makes it more suitable as a confirmatory channel rather than the discovery. The parameter space spanned by ττ is exactly same as that of bb (as shown in the right panel of the fig. 1 ), we therefore restrict ourselves to the analyses of bb.
The diphoton channel is one of the cleanest signal to discover Higgs at LHC. In the fermiophobic limit i.e. α = π/2, the decay of h to γγ becomes prominent and can only be In the left panel, we plot the ratio of cross-sections of the light Higgs (h) and the SM-like Higgs (h SM ) with respect to α. In the right panel, the variation of branching ratios of the light higgs with α are shown ( range of α is restricted near π/2 to signify the behaviour around the fermiophobic limit).
probed in the Vh/VBF channel (as shown in fig. 1 ). Regions away from the fermiophobic limit can be searched using ggF/tth mode. The parameter space probed by tth is identical to gluon fusion. However, its production cross section is roughly 100 times smaller than ggF, hence we do not consider this mode for diphoton analyses.
Therefore, we have considered the following channels for our analysis: gg → h → γγ, Vh → V γγ, Vh → V bb and tth → tt bb 2 .
Experimental constraints
In this section, we discuss the bounds on the parameter space arising from flavour observables and measurements at large electron-positron collider (LEP) and LHC.
Constraints from flavour data
The additional scalars can affect the flavor processes like B s → X s γ or B s → µµ. Although tree-level FCNC's in 2HDM are absent due to Z 2 symmetry, the neutral and charged scalars can affect these processes through higher order diagrams. In general, the flavor observables in these models are sensitive to the m H ± and tan β. Usually heavy charged Higgs is preferred as its contribution to FCNC processes are negligible because of loop suppression. For Type-I model, the couplings of the charged Higgs to fermions are anyway suppressed for tan β > 2 and hence, almost all values of m H ± are allowed [25] . The bounds on the parameter space have been verified using SuperIso [26] .
LEP constraints
In our case T-parameter receives largest contributions and hence, put the most stringent bound. T-parameter in Type-I 2HDM forces m A ≈ m H ± for m H ± 200 GeV and for m H ± 200 GeV, the psuedoscalar mass is unconstrained. The results have been crosschecked using 2HDMC [23] . We now the discuss the bounds obtained from the direct detection of scalars at LEP.
• Charged Higgs searches: The charged Higgs has been looked for in the channel e + e − → H + H − . The relevant coupling of this process is independent of any NP parameter (eqn.( 2.10)). The null observation of signal in this channel has put a lower bound of 80 GeV on mass of the charged Higgs [27] .
• Light scalar searches: The light CP-even scalar has been searched in the channel e + e − → Zh [28] . The cross-section scales by (ξ V h ) 2 i.e. sin(β − α) 2 (see eqn. (2.10)). The absence of any excess in this process has put severe constraint on | sin(β − α)|. The heavier masses are less constrained than the lighter ones due to phase space suppression as the center of mass energy at LEP was limited upto 209 GeV. We have plotted the allowed regions of | sin(β − α)| with respect to the mass of the light Higgs in fig. 2 . LEP-II has searched for e + e − → hA → bbγγ that provides a lower bound of 180 GeV on the sum of masses of the light pseudoscalar and light Higgs in the fermiophobic (α → π/2) limit [29] .In the rest of the paper, we assume charged Higgs and pseudoscalar to be decoupled 3 . The shaded region in the plane of (sin (β − α), tan β) is allowed from the signal strength measurements of the observed. Note that our result is consistent with [18] .
LHC Constraints: signal strength measurements of the 125 GeV Higgs
Signal strength (µ) measurements are used to constrain the couplings of various BSM scenarios. In this section, we discuss the constraints arising from these measurements on the couplings of the heavier CP-even Higgs (H) which we have identified with the observed Higgs. If the observed Higgs is produced through channel i and decays to j, then the signal strength (µ i j ) assuming narrow width approximation is defined as [3, 30] ,
In Table. 1, we list the effective signal strengths corresponding to the channels of H. The scaling factors ξ H are defined in eqns. (2.9), (2.10), (2.13). Note that these factors are exact only at the leading order. However, the deviations after including the higher order corrections are small [18] and we neglect them in our analysis. Signal strength measurements of the observed Higgs force us to be close to alignment limit i.e., ξ V H → 1. The region of the parameter space consistent with the signal strength measurements of 125 GeV scalar [3] is shown in (sin(β − α), tan β) plane in fig. 3 . | sin(β − α)| > 0.2 is ruled out for tan β < 2 as can be seen in fig. 3 . The region near α ∼ β (alignment limit) is favored for all values of tan β as H behaves like the SM-like Higgs in this limit. The allowed range and enhance the cross section in bb mode produced in association with tt. We found that the enhancement in the cross section due to such interference is not significant. 
represents the production cross section of SM-like Higgs (with mass m h ) in i th channel times its branching ratio in j th channel. The summation is over k where k denotes all possible decay modes of h.
In Table. 2, we list the effective scaling of the cross section corresponding to the channels of lighter Higgs (h). The LHC has searched for an additional scalar with mass 80 GeV to 110 GeV in the diphoton channel [31, 32] . Absence of any excess over SM backgrounds in this channel can be translated into the bounds on the maximum cross section allowed for a given mass of h. Figure 4 represents the parameter space in α vs tan β plane for Type-I scenario. The blue band in fig. 4 represents the allowed region from the signal strength measurements at the LHC. The orange (green) band is the allowed from the direct search of light Higgs of mass 90 (80) GeV at LEP and LHC. In particular, the wedge-like region at α ∼ π/2 is disallowed in the γγ final state at the LHC, which is the so-called fermiophobic region. As tan β increases further, the value of sin(β − α) decreases that suppresses the production of the light Higgs in V h/VBF channel. Note that, with increase in the mass of the light Higgs, V h/VBF production rate decreases and diphoton searches in associated Higgs channel become insensitive and does not constrain any additional parameter space.
Future prospects at LHC-run2
As discussed in sec. 3, we consider light Higgs decays to bb and γγ. The bb mode is the dominant decay channel of the light Higgs in most of the parameter space except near the fermiophobic limit (α ∼ π/2) where the decay to diphoton dominates (see fig. 1 ). We consider associated production of the light Higgs with gauge bosons and top pair for the bb mode. The gluon fusion as well as associated gauge boson production mechanisms of light Higgs are considered for the diphoton channel. While the associated gauge boson production helps to probe the fermiophobic limit , the gluon fusion is suitable for probing regions where sin(β − α) < 0 (See eqn. 2.13). In this section, we shall see that the complementary effect of these two decay modes will allow us to explore the parameter space in a robust way. Next, we discuss the particle identification and reconstruction prescription at the LHC.
Reconstructing objects at the LHC
The signal as well as the SM background processes at the parton level are generated using event generators listed in the Table 3. The generated events are then showered and hadronized in PYTHIA 8 [33, 34] . Major SM processes, such as, tt + n jets and W/Z + n jets are generated in MadGraph [35] with proper matching between matrix element and parton shower (ME+PS) [36] resolution effects while identifying final state objects.
• Photons: The photons are identified from the energy deposits at ECAL. The granularity of the ECAL cells is approximately 0.02 × 0.02 in the η − φ direction for both the detectors. However, due to the electromagnetic shower generated by photons, a photon candidate is contained within a 5 × 5 crystal matrix around the seed i.e the actual hit point of a particular ECAL cell. This amounts to ∆R ≈ 0.09 (∆R 2 = ∆η 2 + ∆φ 2 ) . Thus the photon candidates are not point like objects, but rather have a finite spread. The momentum of the photon candidate is defined as the vector sum of all ECAL deposits within the cone of ∆R around the seed. We select photon candidates with transverse momentum p T > 20GeV and pseudorapidity |η| < 2.5 (owing to the finite resolution size of the ECAL). Photon associated with any QCD process, like (π 0 → γγ) will have large jet activity around it. To get rid of such events, we demand photons to be isolated. The photon candidates are considered isolated if the total scalar sum of the transverse energy of other objects within the cone of ∆R iso = 0.4 is less than 10% of the p T of the candidate photon. We have taken into account a typical 5% probability for an electron to fake a photon due to track mis-measurements in our simulation.
• Leptons: We select electrons (muons) with p T > 20 GeV and within the pseudorapidity region |η| < 2.5 (2.7). While electron isolation criteria is similar to that of the photon, for muons we demand scalar sum of hadronic energy to be less than 25% of muon p T .
• Missing Transverse energy: The missing transverse energy (E miss T ) is defined as the negative of vector sum of total visible transverse momentum. In our analysis, we have considered all visible particles with p T > 0.5 GeV.
• Jets: We have reconstructed R = 0.4 jets using anti-Kt [37] algorithm with p j T > 30 GeV and |η| < 4.5. The typical momemtum transfer at 14 TeV center-of-mass energy is quite high and the daughter particles are much boosted. Therefore, there could be instances when the decay products of the parent (P) such as Higgs/top quark are collimated and can be encompassed within a single jet of larger cone size, usually called a fat jet. The Higgs and tops are then identified by using substructure information of the fat jet. We consider jets of radius (∆R > 0.8) reconstructed using FastJet [38] with Cambridge-Aachen (CA) algorithm [39] . The angular separation of the decay products can be estimated roughly as ∆R = 2m P /p P T . To resolve the angular scale of the fat jet, CA algorithm is prefferred over anti-kT as it provides hierarchial structure of the clustering in angles. We have considered 70% tagging efficiency for a b-jet.
• Higgs: In the γγ channel, reconstruction of Higgs is rather simple as opposed to bb due to large multi-jet background. In case of bb, if the Higgs is produced with large p T , then the decay products can be enclosed within a single fat jet (J). We identify a fat jet with p J T > 150 GeV and ∆R CA varying from 0.8 to 1.2 as Higgs using the following MASSDROP technique [21] :
-The fatjet (J) is broken into two subjets (j 1 and j 2 ) such that m j 1 > m j 2 and m j 1 , m j 2 > 30 GeV.
-The two subjets are considered if m j 1 < µm J and the splitting y = min(p 2
is not too asymmetric i.e y > y cut . Typically, µ = 0.67 and y cut = 0.09.
-If the previous condition is not satisfied then j 1 is considered instead of J till both the conditions are satisfied.
-The final jet is considered as Higgs if both the subjets are b-tagged and mass of the filtered 4 fat jet (m J ) is close to the Higgs mass.
• Top:The hadronic decay of top is generally characterized by three jets where one of them is b-tagged. We can also tag a top quark if it is produced with large transverse momentum (p top T > m top ). We identify the fat jet with R = 1.5 and p T > 200 GeV using HEPTopTagger [22] with the following algorithm -Inside a fat jet, a loose massdrop criteria is employed such that J → j 1 j 2 , m j 2 < m j 1 and m j 2 > 0.2m J . The splitting takes place iteratively till m j 1 > 30 GeV. A fat jet is retained if it has atleast three such subjets.
-The three subjets are then filtered with ∆R = 0.3 into five subjets. Only those fatjets with total jet mass close to the top quark mass are considered. The subjets which reconstruct the top mass are then reclustered into three subjets.
-These subjets are then required to satisfy decay kinematics. Among three pair of invariant mass with these subjets, two of them are independent (as one of them satisfies W-mass criteria). In a two dimensional space where the coordinates represent two independent invariant mass, top-like jets represent a thin triangular annulus whereas QCD jet is localized in the region of small pair-wise invariant mass.
Signal-Background analysis
In this section, we discuss detailed signal and background analysis for the following channels viz. gg → h → γγ, Vh → V γγ, Vh → V bb and tth → tt bb described in sec. 3. However, in Vh process, we will consider only W h as the leptonic branching ratio is small in case of Z. We discuss the methods to suppress the backgrounds associated with the selected channels using the prescription of the object reconstruction defined in sec. 5.1.
Channel 1: pp → h → γγ
We consider the decay of light Higgs (h) with mass m h to a pair of photons. The irreducible 5 diphoton background mainly comes from tree level quark-antiquark as well as loop induced gluon-gluon annihilation to γγ. The reducible background arises from jγ, jj and e + e − final states. The transverse momentum distribution for leading photon (p γ T ) corresponding to signal and SM backgrounds is plotted in fig. 5 . While the p T for the signal distribution peaks at approximately m h /2, the backgrounds from γγ, jγ and jj peaks at lower values of p T and hence can be reduced by giving a suitable p T cut. Also since the photons produced from jets are not isolated, jγ and jj backgrounds can be suppressed further by selecting isolated photons. Although there is approximately 5% probability for an electron to fake a photon, Z pole contributions in Drell Yan background (Z → ee) process dilutes the signal. Since the p T of such an electron faking as a photon is also hard (see fig. 5 ), putting a p T cut on it is not efficient enough to reduce ee background around Z mass.
The analysis has been performed for 14 TeV center-of-mass energy at the LHC for m h = 80, 90, 100 and 110 GeV. To isolate signal from SM backgrounds, we demand presence of two isolated photons satisfying a mass dependent p T criteria and having invariant mass (m γγ inv ) within the window of 5 GeV centered about m h i.e.,
Clearly for larger values of m h , the photons are produced with larger transverse momentum. The background reduction in such cases is significant which enables high chances of observing light Higgs. In fig. 6 , we plot the significance 6 S(γγ) of observing h with respect to α for m h = 100, 110 GeV and integrated Luminosity, L = 1000 fb −1 . The significance for observing signal for m h = 80 , 90 GeV is small, hence not shown in the plot. The dip in the fig. 6 corresponds to cases where fig. 10 ). While ξ 
Channel 2: pp → W h → νγγ
This analysis is performed with 13 TeV center-of-mass energy at LHC in which W decays leptonically and light Higgs to diphoton. Hence, the signal is characterized by an isolated lepton, a pair of isolated photons and E miss T > 30GeV. The SM background comes primarily from the process pp → W γ. We also consider W j process as a potential background with jet faking a photon. The background can be suppressed by demanding isolated photon candidates. The probability of two electrons/jets faking two photons from the decay of Z in the process pp → W Z has been taken into account as well. The following selection criteria have been used:
As discussed earlier, the channel allows us to probe the fermiophobic limit where production via gluon fusion process looses its sensitivity. In the fig. 7 , we have plotted the significance, S( νγγ), of the signal with α for 50 fb −1 integrated Luminosity for a fixed m h . The significance is quite high for lower masses m h = 80, 90 GeV because the production cross section is higher for low masses, Zγ background is minuscule below Z resonance and this region is least constrained by the LHC data [18, 31] . For a given value of tan β and m h , the significance is maximum for α → π/2. Different lines on each plot represent various values of tan β. For m h = 80 GeV, the line corresponding to tan β = 4 (blue) stops abruptly before reaching α ∼ π/2 as the point beyond that is already ruled out by LEP search. The fermiophobic region (1.55 < α < 1.6) can be best explored with LHC 13 TeV centre of mass energy for tan β = 6.0 (red line). With further increment of tan β, the magnitude of sin(β − α) comes down, thus, reducing W h production cross section and hence, significance.
Channel 3: pp → W h → νbb
We demand in this case two b-tagged jets, an isolated lepton along with E miss T > 30GeV. Inspite of being the dominant decay channel in most of the parameter space, bb mode is a difficult channel to probe due to enormous QCD background. As discussed in previous section, leptons and b-jets can only be tagged if they are produced with high transverse momentum and are central (|η| < 2.5). Due to low mass of the W h system, large fraction of b-jets and leptons could be produced with large |η|, thus, reducing the acceptance. Even if captured by the detector, they are accompanied by huge SM diboson backgrounds (primarily W Z) and tt (with one of the W along the beam line and escaping detection). In addition, W +jets poses a serious threat to signal with the jet faking as a b-jet. Moreover, the Wh production rate is governed by the magnitude of ξ V h and hence, is small in the favored parameter space. In the mass range we are considering it is nearly impossible to isolate signal events from huge SM backgrounds in 2b + + E miss T final state at the LHC. In order to achieve appreciable significance at the LHC, we follow the analysis of [21] and consider W h process in boosted regime. Though, we loose a significant number of events for demanding a boosted Higgs (p h T > 200 GeV), it enables us to overcome huge SM backgrounds quite efficiently. We reconstruct a fat jet with radius parameter ∆R = 0.8 and tag the fat jet as Higgs using the criteria discussed in section 5.1. The massdrop criteria along with double b-tag suppresses W+jets background. On demanding one isolated lepton and no jet activity outside the fat jet, we are able to suppress the tt background as well. Therefore, we demand an isolated lepton and a fat jet in the final state. We then select only those events where the fat jet tagged as Higgs has filtered jet mass (m near the Z-pole it will be difficult to isolate signal from Z → bb events. We summarize our selection criteria as:
p W T is the magnitude of vector sum of momentum of lepton and missing energy in the transverse plane. For m h > 90 GeV, we have reconstructed the fat jet with p T > 250 GeV. We have also selected events with |m J − m h | < 8 GeV.
When m h < 82 GeV, the LEP direct detection measurements rule out |ξ V h | > 0.2. As the W h production rate is small (apart from our cut criterion with large p T ), the prospect of observing such a light Higgs is low even with 3000 fb −1 integrated Luminosity. The significance (S( νbb)) is plotted in fig. 8 point. Since LHC favors negative sin (β − α) over positive magnitude, the significance is slightly higher for negative sin (β − α). Regions with tan β > 4 and α > 1.8 can be probed with 1000 fb −1 integrated Luminosity using νbb channel.
Channel 4: pp → tth → ttbb
The analysis is carried out with 14 TeV centre of mass energy. We consider tth production with the Higgs decaying to bb and semi-leptonic decay of the top pair 8 . The final state is composed of four bottom quarks, an isolated lepton and with E miss T > 30GeV. The irreducible background, in this case, is ttbb which appears at tree level with a W exchange. Another important background is tt + jets where jet fakes the bottom quark. Due to presence of four b quarks in the final state, it is difficult to reconstruct the light Higgs accurately owing to several combinations. In the LHC run-II, top and the Higgs of tth process are produced with high transverse momentum and it is possible to study them in the boosted scenario. As a result, the decay product of (the hadronically decaying) top quark (and also the light Higgs) can be enclosed within a large radius that solves the problem arising from combinatorics. Therefore, our signal essentially becomes two fat jets and an isolated lepton. We reconstruct two fat jets with p J T > 125 GeV and ∆R = 1.2. Out of these two fat jets, we select the fat jet with p J T > 250 GeV and tag it as top-jet following the prescription described in section 5.1. We then tag the other jet as the Higgs such that its filtered jet mass (m For m h > 90 GeV, we have reconstructed fat jets with p J T > 160 GeV and selected events with |m J Higgs − m h | < 8 GeV. In fig. 9 we have shown the variation of significance S(ttbb) with α for a given m h . With increase in mass the significance decreases due to decrease in tth production rate. For a given mass, with increase in tan β, ξ f h decreases. Since, the total cross section gets scaled by (ξ f h ) 4 , the significance decreases. The significance is higher for lower values of α. The channel is effective for probing lower tan β region. This particular channel does not work out in the fermiophobic limit as both the production and decay become negligibly small. 
Discussions and Conclusion
In this work, we focus on Type-I 2HDM with a Higgs lighter than the observed Higgs of mass 125 GeV. A light Higgs is still allowed from existing bounds and there are ongoing searches for such a Higgs at the LHC. We discuss various experimental constraints for such a scenario. The primary decay channel(s) of the light Higgs is bb (and ττ ). But, in Type-I 2HDM, there are certain regions of parameter space where the Higgs becomes fermiophobic (and hence, diphoton decay mode becomes dominant). However, bb faces serious challenge from QCD background, whereas, diphoton is much cleaner. Therefore, our aim in this study is to put together all such relevant information and provide an optimised search strategy for such light Higgs scenario at the LHC. We tabulate the regions of α which can be probed with at least 5σ significance for a fixed mass and tan β. For example, 1.56 < α < 1.58 for m h = 80 GeV and tan β = 6.0 can be probed best in pp → W h → νγγ channel at 13 TeV run of LHC with integrated Luminosity 50 fb −1 . We also list the regions of α excluded from LEP as well as signal strength measurements of SM-like Higgs at LHC.
We summarize our results in Table 4 . Here α excluded denotes the regions which are already ruled out by various experimental data from LEP and LHC. The column on the right side represents the region of α that can be probed in the run-II of the LHC. Gluon fusion is the main production channel of light Higgs just like in case of SM-like Higgs. However, gluon fusion cross section drops significantly in the fermiophobic limit and hence, associated produtions or VBF turns out to be important supplier. Note that our choice of production and decay channels are complimentary in probing the parameter space. The fermiophobic region (α → π/2) can be best probed by pp → W h → νγγ at the 13 TeV LHC with 50 fb −1 integrated Luminosity. Away from the fermiophobic region, pp → tth → ttbb seems to be the best channel at low tan β with at least 1000 fb −1 Luminosity at 14 TeV LHC. In this case, boosted technique can tackle huge QCD multijet background effectively. For higher tan β, pp → h → γγ turns out to be the efficient channel at 1000 fb −1 Luminosity at 14 TeV LHC.
We must mention that our analysis is more or less generic, in the sense, that it would hold true for any other scenario with lighter Higgs. LHC will continue its hunt for new physics. The absence of any significant excess over SM backgrounds so far has provoke us to explore higher energy scale. We demonstrate a possible scenario where BSM particles lighter than the observed Higgs is buried beneath the SM background and can be probed in ensuing run of LHC. The discovery of such a Higgs would definitely help us to understand the electroweak symmetry breaking mechanism.
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A Cross-section plots
The behaviour of the total cross-sections with respect to α and sin(β − α) for different values of β is plotted in fig. 10 
